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Neurotropic coronavirus infection induces expression of both beta interferon (IFN-B) RNA and protein in 
the infected rodent central nervous system (CNS). However, the relative contributions of type I IFN (IFN-D) to 
direct, cell-type-specific virus control or CD8 T-cell-mediated effectors in the CNS are unclear. IFN-I receptor- 
deficient (IFNAR~/~) mice infected with a sublethal and demyelinating neurotropic virus variant and those 
infected with a nonpathogenic neurotropic virus variant both succumbed to infection within 9 days. Compared 
to wild-type (wt) mice, replication was prominently increased in all glial cell types and spread to neurons, 
demonstrating expanded cell tropism. Furthermore, increased pathogenesis was associated with significantly 
enhanced accumulation of neutrophils, tumor necrosis factor alpha, interleukin-6, chemokine (C-C motif) 
ligand 2, and IFN-y within the CNS. The absence of IFN-I signaling did not impair induction or recruitment 
of virus-specific CD8 T cells, the primary adaptive mediators of virus clearance in wt mice. Despite similar 
IFN-y-mediated major histocompatibility complex class II upregulation on microglia in infected IFNAR7‘— 
mice, class I expression was reduced compared to that on microglia in wt mice, suggesting a synergistic role 
of IFN-I and IFN-y in optimizing class I antigen presentation. These data demonstrate a critical direct 
antiviral role of IFN-I in controlling virus dissemination within the CNS, even in the presence of potent cellular 
immune responses. By limiting early viral replication and tropism, IFN-I controls the balance of viral 


replication and immune control in favor of CD8 T-cell-mediated protective functions. 


Interferons (IFN), originally named for interfering with vi- 
rus replication, comprise a pleiotropic family of cytokines that 
participate in many aspects of innate and adaptive immunity. 
Induction of type I IFN (IFN-I), including alpha IFN (IFN-«) 
and IFN-B, is triggered by a variety of cellular pattern recog- 
nition receptors in response to various pathogen-specific struc- 
tures, including double-stranded RNA, single-stranded RNA, 
and viral RNA with unprotected 5’-triphosphates (21, 46). 
Release of IFN-I and subsequent signaling in the same cell or 
neighboring cells amplify the original signal by triggering tran- 
scription of numerous IFN-a family members and IFN-induc- 
ible genes, thus inducing an antiviral state. Pathways of IFN-I 
induction, signal transduction, and antiviral mechanisms have 
been well characterized (21, 46). The cellular ability to sense 
viral nucleic acids via cytosol-localized helicase receptors or 
endosomal localized toll-like receptors (TLR) allows IFN-I 
activation not only in infected cells but also in cells that have 
acquired viral RNA in endosomes. As expression of TLR fam- 
ily members is restricted in many cell types, the mechanisms 
underlying initiation of IFN-I induction are thus not only virus, 
but also cell type, specific and thus dependent on in vivo 
tropism and tissue milieu (46, 57). Specialized plasmacytoid 
dendritic cells (pDC) in lymphoid tissue produce especially 
high levels of IFN-I upon some viral infections (21). 

IFN-I can thus exert antiviral effects at multiple levels in- 
cluding induction of antiviral genes, augmentation of antigen- 
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presenting cell function, and regulation of lymphocyte function 
and survival (46). For example, IFN-I have been proposed as a 
third signal required for full CD8 T-cell activation (10) and as 
a survival signal for CD8 T cells in response to lymphocytic 
choriomeningitis virus (LCMV) infection (22). However, the 
IFN-I requirement for T cells for survival is determined by the 
innate microenvironment generated in response to a particular 
pathogen. During LCMV infection, which elicits high IFN-I 
levels, virus-specific T cells are exquisitely dependent on IFN-I 
for survival. By contrast, during virus infections eliciting lower 
IFN-I levels, T cells are less dependent on IFN-I (48). 
Direct antiviral functions are especially critical to preserve 
terminally differentiated cells and limit viral spread during 
central nervous system (CNS) infections, prior to induction 
and recruitment of adaptive immune effectors. The CNS is 
unique in many immunological aspects, including the absence 
of conventional lymphatic drainage and pDC or other DC in 
the parenchyma, the paucity of major histocompatibility com- 
plex (MHC) expression on resident cells, and restricted leuko- 
cyte entry due to the blood-brain barrier anatomy (16, 42). 
Constitutive production of IFN-a by neurons and glial cells has 
been linked to several homeostatic processes (11). Viral infec- 
tions can also upregulate IFN-I production by neurons and 
glial cells (12, 38). In addition to the capacities of inducing an 
antiviral state, IFN-I also drives expression of a variety of 
immunomodulatory genes including cytokine, chemokine, ad- 
hesion molecule, MHC, and costimulatory molecule genes in 
different CNS-resident cells (2, 12, 38). Protection afforded by 
IFN-I is clearly demonstrated by uncontrolled replication dur- 
ing CNS infection with Sindbis virus, West Nile virus, and 
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vesicular stomatitis virus (31, 40, 41). The cellular sources of 
IFN-I during CNS infections have not been extensively studied. 
Rabies virus induces the production of IFN-I by TLR-3-ex- 
pressing neurons in vitro (36). West Nile virus drives the pro- 
duction of IFN-I in the CNS to protect neurons from infection 
and death (41). In the case of Sindbis virus infection, the 
outcome is dependent on the viral strain analyzed, with more- 
virulent strains being lethal in IFN-deficient mice and less- 
virulent strains producing almost no disease (40). Together, 
these findings suggest that the role of IFN-I during infection is 
virus dependent. 

The roles of IFN-I in controlling neurotropic coronavirus 
(CoV) infections are poorly defined. Several members of the 
Coronaviridae family, including the severe acute respiratory 
syndrome-CoV and mouse hepatitis virus (MHV), have re- 
cently been shown to avoid recognition by cytoplasmic pattern 
recognition receptors (51, 57). These studies confirmed earlier 
findings demonstrating that MHVs are poor IFN-B inducers in 
fibroblast cells (17, 52, 56). Importantly, the absence of IFN-I 
induction in fibroblasts could not be attributed to the absence 
of double-stranded RNA during viral replication or inhibition 
of IFN-f signaling (51, 56), unlike IFN antagonists uncovered 
in severe acute respiratory syndrome-CoV (23, 45). Neverthe- 
less, a recent study proposes that MHV-A59 nucleocapsid pro- 
tein may act as an IFN-I antagonist (55). In contrast to the 
inability of MHV to trigger IFN-I in fibroblasts, peripheral 
infection by the liver- and CNS-tropic MHV-AS9 strain in- 
duces IFN-I expression, primarily initiated by pDC in a TLR- 
7-dependent mechanism (8). Furthermore, MHV infections of 
primary neuronal cultures as well as the CNS also induce 
IFN-B mRNA (37, 39, 58), demonstrating that MHV-mediated 
IFN-I induction is not restricted to pDC in vivo. Gene profiling 
of neuronal cultures infected with the neurotropic MHV-JHM 
further revealed upregulation of IFN-I-induced transcription 
factors, as well as induction of MHC class I heavy chains, 
nonclassical class I molecules, and multiple cofactors involved 
in class I antigen processing (38). An in vivo role for IFN-I is 
supported by MHC class I upregulation in microglia following 
sublethal MHV-JHM infection of IFN-y-deficient mice (5). 
These results, in addition to CoV sensitivity to IFN-I in vitro 
(17), exacerbated disease in the presence of anti-IFN antibod- 
ies (24), and increased resistance to MHV virulence caused by 
IFN-B treatment in vivo (29, 44), all implicate IFN-I as a 
crucial player in host defense against CNS CoV infection. 
Furthermore, peripheral infection of mice deficient in a func- 
tional receptor, IFN-I receptor (IFNAR ‘), with MHV-A59 
resulted in increased viral replication and systemic spread, 
including the CNS (8). 

This study further explores the role of IFN-I in innate and 
adaptive antiviral functions in a model of sublethal MHV- 
induced encephalitis associated with demyelination. The sub- 
lethal, glia-tropic MHV-JHM variant v2.2-1 replicates exclu- 
sively in the CNS following intracranial infection and is 
primarily controlled by CD8 T cells (4). The complex interplay 
of cell-type-specific induction of IFN-I by MHYV, its sensitivity 
to direct antiviral IFN-I activity, and potential CD8 T-cell 
dependence on IFN-I prompted an investigation into the di- 
rect antiviral effects versus CD8 T-cell-mediated protection 
using IFNAR ‘~ mice. The data clearly demonstrate that IFN- 
I-dependent innate responses are essential in controlling CNS 
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replication and host survival. CD8 T-cell expansion, recruit- 
ment, and function were not impaired, suggesting that adaptive 
responses are insufficient in controlling viral CNS spread, once 
the virus expands its tropism and replication exceeds a certain 
threshold. 


MATERIALS AND METHODS 


Animals and viruses. C57BL/6 mice were purchased from the National Cancer 
Institute (NCI, Frederick, MD). CS57BL/6-IFNAR ‘~ mice were kindly provided 
by Kaja Murali-Krishna (22) (University of Washington, Seattle, WA) and bred 
under pathogen-free conditions. Mice were housed at either the University of 
Southern California animal facility or the Biological Resources Unit of the 
Cleveland Clinic. All procedures were performed in compliance with protocols 
approved by the Institutional Animal Care and Use Committees of the Keck 
School of Medicine and the Cleveland Clinic. 

Mice were infected at 6 weeks of age by intracranial injection with 250 PFU of 
the glia-tropic MHV-JHM variant V2.2-1 in 30 pl endotoxin-free Dulbecco’s 
phosphate-buffered saline (DPBS) (13). In some experiments mice were infected 
with a dual monoclonal antibody (MAb)-derived variant of MHV-JHM desig- 
nated V2.2/7.2-2. This neurotropic variant replicates to levels within the CNS 
similar to those of V2.2-1 but does not induce clinical disease or myelin loss (14, 
26). Neutrophils were depleted by intraperitoneal administration of 200 pg 
anti-Ly-6G/C (RB6-8C5) MAb at days —1, +1, +3, and +5 postinfection (p.i.). 
Control mice received 200 wg MAb GL113, specific for B-galactosidase. Follow- 
ing intraperitoneal administration of ketamine-xylazine (100 and 10 mg/kg of 
body weight, respectively), blood was collected from infected mice by cardiac 
puncture and mice were perfused intracardially with 10 ml DPBS. Brain, serum, 
cervical lymph nodes (CLN), and spleen were collected for analysis. 

CNS virus and isolation of inflammatory cells. Brains were bisected sagittally. 
One half-brain from each mouse was homogenized in ice-cold Ten Broeck glass 
grinders in 4 ml of DPBS. Homogenates were clarified by centrifugation for 7 
min at 400 X g. Supernatants were stored at —80°C. MHV-JHM in supernatants 
was measured by plaque assay on monolayers of delayed brain tumor astrocy- 
toma cells as previously described (13). Inflammatory cells were recovered from 
the pellets as previous described (3). Briefly, cell pellets were resuspended in 
RPMI supplemented with 1% fetal calf serum and 25 mM HEPES (supple- 
mented RPMI) and adjusted to 30% Percoll (Pharmacia, Uppsala, Sweden). 
Following addition of a 1-ml 70% Percoll underlay, cells were collected at the 
30%-70% Percoll interface after centrifugation at 800 < g for 30 min, washed in 
supplemented RPMI, and resuspended in 1 ml supplemented RPMI. Cells from 
the spleen and CLN were isolated by disrupting tissue in 5 ml of supplemented 
RPML. Splenocytes were treated with Gey’s solution to lyse erythrocytes, washed, 
and resuspended in 5 ml supplemented RPMI. 

Flow cytometry. Cell surface staining for four-color flow cytometry was used to 
analyze cell populations isolated from the brain, spleen, and CLN. Cells were 
incubated with 1% polyclonal mouse serum and 1% rat anti-mouse FeyIII/IIR 
MAb in fluorescent antibody cell sorting (FACS) buffer (0.5% bovine serum 
albumin in DPBS) for 20 min at 4°C to block nonspecific binding. Specific cell 
types were identified using a fluorescein isothiocyanate-, phycoerythrin-, peri- 
dinin chlorophyll protein (PerCP)-, or allophycocyanin-conjugated anti-mouse 
MAb: CD4 (GK1.5), CD8 (53.67), Ly-6G (1G9), I-A/I-E (M5/114.15.2), and 
H2-D? (KH95) (all from BD Biosciences, San Diego, CA) and F4/80 (CI:A3-1; 
Serotec, Raleigh, NC). Virus-specific CD8 T cells were identified using H-2D°/ 
S510 MHC class I tetramers as described previously (3). Cells were incubated 
with antibodies for 30 min on ice, washed twice with FACS buffer, and fixed with 
2% paraformaldehyde for 10 min on ice. Intracellular staining for IFN-y was 
performed as described previously (60). Briefly, 1 x 10° brain cells were incu- 
bated for 6 h at 37°C with 1 x 10° EL-4 (H-2D°) or CHB3 (I-A°) stimulator cells 
(18) in 200 wl of RPMI containing 10% FCS and 1 yl/ml Golgi-stop (BD 
Biosciences) in the presence or absence of peptide. $510 peptide (spike protein 
amino acids 510 to 518) comprising the immunodominant D? CD8 T-cell epitope 
was used at 1 wM (EL-4 cells), and M133 peptide (matrix protein amino acids 
138 to 147) comprising the I-A® CD4 T-cell epitope (CHB3 cells) was used at 5 
uM. Cells were stained with PerCP-conjugated anti-CD8 (53.67) MAb, fixed and 
permeabilized with Cytofix/Cytoperm (BD Biosciences), and subsequently 
stained with fluorescein isothiocyanate-conjugated anti-IFN-y MAb (XMGI1.2) 
(BD Biosciences). At least 100,000 events were acquired on a FACSCalibur flow 
cytometer (BD Biosciences) for subsequent data analysis using Flow-Jo 7 
software (Tree Star, Inc., Ashland, OR). 

Cytokine determination. Cytokines in brain homogenate supernatants were 
measured by cytometric bead array (CBA) using the mouse inflammation CBA 
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FIG. 1. IFN-I signaling is required for protection from glia-tropic 
MHV-JHM infection. (A) Survival rates of wt and IFNAR~/~ mice 
(n = 15/group) after infection with MHV-JHM. (B) Virus replication 
(PFU/brain) in the brain following infection. Data are the means of 
three to six mice per time point + standard errors of the means. 
Asterisks indicate statistical significance (P = 0.05) in comparison to 
wt mice. 


kit according to the manufacturer’s protocol (BD Biosciences). Briefly, 50 wl of 
homogenate, undiluted or diluted 10-fold, was mixed with 50 yl of beads and 50 
pl of phycoerythrin detection buffer and then incubated for 2 h at room tem- 
perature. Beads were washed, and acquisition was performed using a FACSCalibur 
(BD Biosciences) flow cytometer. Data analysis was performed using the 
CBA analytical software (BD Biosciences). 

Histopathological analysis. One half-brain and spinal cords from each mouse 
were fixed with Clark’s solution (75% ethanol and 25% glacial acetic acid) and 
embedded in paraffin. Sections were stained with either hematoxylin and eosin or 
Luxol Fast Blue as described previously (5). Distribution of viral antigen was 
determined by immunoperoxidase staining (Vectastain-ABC kit; Vector Labo- 
ratories, Burlingame, CA) using the anti- MHV-JHM MAb J.3.3 specific for the 
carboxyl terminus of the viral nucleocapsid protein as primary antibody, horse 
anti-mouse antibody as secondary antibody, and 3,3’-diaminobenzidine substrate 
(Vector Laboratories) (5). Sections were scored for inflammation and viral 
antigen in a blinded fashion. Representative fields were identified based on 
average scores of all sections in each experimental group. 

Real-time PCR. Half-brains were immediately placed into 1 ml TRIzol (In- 
vitrogen, Carlsbad, CA) and homogenized in sterile Ten Broeck glass grinders. 
RNA was purified according to the manufacturer’s protocol (Invitrogen, CA). 
Briefly, 0.2 ml chloroform (Sigma-Aldrich, St. Louis, MO) was added to 1 ml of 
homogenate, mixed, and centrifuged at 12,000 x g for 15 min at 4°C. RNA was 
precipitated from the aqueous phase by addition of 0.5 ml isopropyl alcohol and 
centrifugation at 12,000 x g for 10 min at 4°C, washed in 75% ethanol, and 
resuspended in diethyl pyrocarbonate-treated H,O. The concentration and pu- 
rity of RNA were measured by spectrophotometry at 260/280 nm. RNA integrity 
was confirmed by electrophoresis on 1.2% formaldehyde gels. 

DNA contamination was eliminated by treatment with DNase I (Roche, Palo 
Alto, CA) for 30 min at 37°C in the presence of RNasin (Promega, Madison, 
WI). DNase I was heat inactivated in the presence of 10 mM EDTA at 70°C for 
5 min. Reverse transcription was performed on 2 pg RNA, primed with 1 pg 
random hexamers (Promega) using avian myeloblastosis virus reverse transcrip- 
tase (Promega) for 1 h at 42°C. Real-time PCR was performed using CYBR 
Green Master Mix (Applied Biosystems, Foster City, CA). Real-time primer 
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FIG. 2. CNS expression of IFN-I and IFN-stimulated genes in re- 
sponse to infection. Brains from uninfected (0) and infected (day 4 and 
6) wt and IFNAR /~ mice were analyzed for mRNA levels of IFN-f, 
IFN-a, and IFN-stimulated gene products OAS2, PKR, IFIT-1, and 
IFIT-2 by quantitative real-time PCR (nm = 3 mice per time point). 
Data are calculated as levels relative to the housekeeping gene product 
glyceraldehyde-3-phosphate dehydrogenase and representative of two 
independent experiments. N/D, not detected. Asterisks indicate statis- 
tical significance (P =< 0.05) in comparison to wt mice. 


sequences were as follows: IFIT-1 (ISG-56), F, 5’-CCTTTACAGCAACCATG 
GGAGA-3’, and R, 5'-GCAGCTTCCATGTGAAGTGAC-3’; IFIT-2 (ISG-54), 
F, 5'-AGAGGAAGAGGTTGCCTGGA-3’, and R, 5'-CTCGTTGTACTCATG 
ACTGCTG-3’; 2’-5’ oligoadenylsynthetase (OAS2), F, 5’-AAAAATGTCTGC 
TICTTGAATTCTGA-3’, and R, 5’-TGTGCCTTTGGCAGTGGAT-3’; pro- 
tein kinase R (PKR), F, 5'-GGCTCCTGTGTGGGAAGTCA-3’, and R, 5'-TA 
TGCCAAAAGCCAGAGTCCTT-3’; IFN-a, F, 5'-CCTGAGAGAGAAGAAA 
CACAGC-3’, and R, 5'-GAGGAAGACAGGGCTCTCC-3’; IFN-B, F, 5’-GC 
TCCTGGAGCAGCTGAATG-3’, and R, 5’-CGTCATCTCCATAGGGATCT 
TGA-3’. Real-time PCR was performed using an MJ Research Opticon DNA 
engine, with Opticon Monitor software (Bio-Rad, Hercules, CA) under the 
following conditions: 95°C for 10 min and 40 cycles of denaturation at 94°C for 
10s, elongation at 60°C for 20 s, and annealing at 76°C for 1 s. All data presented 
are expressed as induction (n-fold) based on the following formula: 
(2ICTIGAPDH} ~ CT{tarset}}) 5¢ 1000, where C; is threshold cycle and GAPDH is 
glyceraldehyde-3-phosphate dehydrogenase. 

Statistical analysis. Student’s ¢ test with equal variance was used to compare 
IFNAR/~ and wild-type (wt) mice. Significant differences between groups are 
noted with an asterisk in the figures (P = 0.05). 


RESULTS 


IFN-I signaling is essential for control of glia-tropic MHV- 
JHM infection in the CNS. MHV-mediated induction of 
IFN-B in the CNS (37, 39), as well as limited protection fol- 
lowing peripheral and intranasal IFN-I treatment during MHV 
infection (29, 44), suggested a protective role against CoV 
infections. To directly assess the role of IFN-I in the CNS 
during glia-tropic CoV infections, MHV-JHM V2.2-1 patho- 
genesis was compared in IFNAR ‘~ and wt mice. Symptoms of 
encephalitis, including lethargy, hunched posture, and weight 
loss, developed more rapidly and were more severe in IFNAR /~ 
mice. All IFNAR~/~ mice succumbed to infection by day 
9 p.i., whereas mortality never exceeded 20% in wt mice 
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IFNAR-/- 


FIG. 3. Influence of IFN-I signaling on viral antigen distribution. Viral antigen detected by immunoperoxidase staining using MAb J.3.3 (red 
chromogen; hematoxylin counterstain) in brains from infected wt (A, C, and E) and IFNAR~‘~ (B, D, and F) mice at day 6 p.i. Arrows mark 
antigen-positive cells, and arrowheads mark perivascular inflammatory infiltrates (A and B). Note increased foci of viral antigen-positive cells in 
deep cerebral white matter (B and D) and in glial cells and hippocampus pyramidal neurons (arrowheads) (F) in the absence of IFN-a/B signaling. 
Bars, 200 um (A and B), 50 wm (25 wm for inset) (C and D), and 100 wm (40 wm for inset) (E and F). 


(Fig. 1A). Infectious virus in the CNS was examined to 
ensure that increased mortality correlated with increased 
virus replication. Higher levels of virus were present in the 
CNS of IFNAR ‘~ mice at days 4 and 5 p.i. compared to wt 
mice, suggesting that IFN-I contributes to early control of 
virus replication (Fig. 1B). Virus in the CNS of wt mice 
peaked at day 5 p.i and then declined, consistent with T-cell- 
mediated clearance (5). By contrast, virus titers in the CNS of 
IFNAR ‘~ mice were not significantly reduced by day 7 p.i. 
Little or no apparent control of infectious virus in IFNAR /~ 
mice suggested that increased mortality was associated with 
uncontrolled virus replication. To test whether IFN-I signaling 
was equally essential in controlling a nonpathogenic MHV- 
JHM variant, IFNAR~/~ mice were infected with the neuro- 
tropic V2.2/7.2-2 variant (14). This variant is controlled in wt 


mice without evidence of clinical symptoms or demyelination 
(14, 26). IFNAR ’~ mice also rapidly succumbed to this in- 
fection, which was accompanied by uncontrolled virus replica- 
tion (data not shown). These results demonstrate a require- 
ment for IFN-I-dependent mechanisms to protect mice from 
fatal CoV-induced encephalitis. 

CNS infection induces IFN-I and IFN response genes. To 
confirm that increased virus in the CNS of IFNAR~‘~ mice 
correlated with IFN-I signaling defects, mRNAs encoding 
IFN-8 or IFN-a, as well as IFN-a/B response genes in the 
CNS, were analyzed in uninfected mice and at days 4 and 6 p.i. 
(Fig. 2). IFN-a and IFN-8 mRNA were modestly induced in 
the CNS of both groups at day 4 p.i. The mRNAs encoding 
IFN-a and IFN-f declined by day 6 p.i. in wt mice. By contrast, 
the minimal induction of IFN-a and IFN-B mRNA in the CNS 
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FIG. 4. Neutrophils dominate cell infiltrates in the CNS of IFNAR~/~ mice. Numbers and composition of brain-infiltrating cells in infected wt 
and IFNAR ‘~ mice analyzed by flow cytometry at the indicated times p.i. (A) Numbers of bone marrow-derived CD45"®" cells/brain. (B to E) 
Percentages of cell subsets within the infiltrating population identified as neutrophils (B), macrophages (C), CD4 T cells (D), and CD8 T cells (BE). 
Data are the means of three experiments (pooled from three mice/group) per time point + standard errors of the means. Asterisks indicate 


statistical significance (P = 0.05) in comparison to wt mice. 


of infected IFNAR~/~ mice remained constant between days 4 
and 6 p.i. IFN-stimulated genes, including the antiviral OAS2, 
PKR, and IFN-induced protein with tetratricopeptide repeats 
1 (IFIT-1) and IFIT-2 genes, were induced in the CNS of wt 
mice following infection. In comparison to wt mice, expression 
of these genes was reduced in the CNS of IFNAR~/~ mice. 
Transcription of IFIT-1, IFIT-2, and especially PKR was up- 
regulated in the CNS of both groups at day 6 p.i., although 
expression levels in IFNAR~‘~ mice were significantly reduced 
compared to infected wt mice. These data demonstrated 
induction of classical antiviral PKR- and OAS-mediated path- 
ways and reduced transcription of these genes in IFNAR7‘— 
mice prior to detection of IFN-y (see below). 

Impaired IFN-I signaling increases viral spread and tro- 
pism within the CNS. MHV-JHM initially infects ependymal 
cells and subsequently spreads to astrocytes and microglia/ 
macrophages and finally to oligodendrocytes but rarely infects 
neurons (53). To determine if IFN-I preferentially protects a 
specific cell type, brain and spinal cord were analyzed for 
distribution of viral nucleocapsid antigen. Increased viral an- 
tigen, which appeared to include infected astrocytes, macro- 
phages/microglia, and oligodendroglia, was detected in brains 
of infected IFNAR~/~ mice compared to wt mice at all times 
analyzed (Fig. 3A and B). No preferential susceptibility of 
distinct glial subsets was noted in infected IFNAR~/~ mice. 
However, in contrast to wt mice, in which only relatively iso- 
lated virus-infected cells were detected throughout the paren- 
chyma (Fig. 3A and C), local foci of infected cells were prom- 


inent in the CNS of IFNAR~’~ mice (Fig. 3B and D), 
suggesting rapid localized virus spread to adjacent cells. Al- 
though no virally infected cells were detected in the spinal 
cords derived from wt mice, a small number of cells were 
infected in the spinal cords of IFNAR ‘~ mice, consistent with 
increased infectious virus and infected cells in the brains of 
IFNAR ‘~ mice. Neurons are only rarely infected in the CNS 
of wt mice following MHV-JHM v2.2-1 infection (14, 53). By 
contrast, extensive neuronal infection, especially within the 
hippocampus, was detected in IFNAR /~ mice (Fig. 3E and 
F). Neuronal infection was initially apparent as early as day 
4 p.i. in IFNAR~/~ mice and increased with time p.i. No 
demyelination was detected in the brains or spinal cords of 
either group at day 6 p.i. (data not shown). 

Impaired IFN-I signaling increases neutrophil accumula- 
tion and proinflammatory signals. To reveal how reduced 
IFN-I in the CNS and increased viral replication affected re- 
cruitment of inflammatory cells, the magnitude and composi- 
tion of CD45™£" inflammatory cells were characterized by flow 
cytometry. Inflammation at 48 h p.i was limited but similar in 
the CNS of the two groups (less than 10% CD45" 2" cells). By 
day 4 p.i., leukocyte accumulation increased in infected IFNAR /~ 
compared to wt mice. This increase remained less than two- 
fold throughout day 6 p.i. but increased dramatically by day 
7 p.i. in the surviving IFNAR /~ mice (Fig. 4A). The minimal 
increase in bone marrow-derived inflammatory cells in the 
CNS of infected IFNAR ~/~ mice is consistent with similar 
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levels and distribution of inflammatory cells detected by im- 
munohistochemistry (Fig. 3 and data not shown). 

Analysis of the infiltrating cells revealed a prominent skew- 
ing towards Ly-6G* neutrophil accumulation in the CNS of 
IFNAR~‘~ mice (Fig. 4B). Neutrophils comprised the princi- 
pal infiltrating population in the CNS of IFNAR’ mice 
through day 5 p.i. By contrast, F4/80* macrophages prevailed 
in wt mice (Fig. 4B and C). Correspondingly, the proportion of 
macrophages in the CNS of IFNAR~’~ mice was reduced 
compared to wt mice; however, they reached similar percent- 
ages by day 6 p.i. The proportion of NK cells was reduced in 
the CNS of IFNAR /~ mice (data not shown), consistent with 
findings in other models (32). 

Neutrophils shape the inflammatory response within the 
CNS and are associated with severe clinical outcomes in other 
models of CNS inflammation (49, 54). Similarly, following 
MHV-JHM infection neutrophils play a role in regulating lym- 
phocyte entry into the CNS (59). To assess whether the large 
neutrophil population played a role in disease severity, IFNAR /~ 
and wt mice were depleted of neutrophils via anti-Ly-6G/C 
(Gr-1) MAb treatment as previously described (59). Neu- 
tropenic IFNAR /~ mice showed no improvement in sur- 
vival or clinical outcome following infection compared to 
isotype control-treated mice, indicating that neutrophils are 
not immunopathogenic (data not shown). 

Expression of prominent proinflammatory mediators in re- 
sponse to CNS infection was further explored to correlate 
increased viral load with proinflammatory responses. Tumor 
necrosis factor alpha (TNF-a) was detected at day 5 p.i. in the 
CNS of IFNAR ~~ mice (Fig. 5). No TNF-a was detected in 
the CNS of wt mice at day 5 p.i., although TNF-a mRNA is 
induced rapidly following MHV-JHM infection (35). By day 
6 p.i. TNF-a was detected in the CNS of both groups, although 
levels were significantly higher in infected IFNAR ~/~ mice. 
While interleukin-6 (IL-6) and CCL2 (MCP-1) were detected 
at all time points p.i. in both groups (Fig. 5), levels were 
significantly increased in the CNS of IFNAR ‘~ mice. IL-10 
and IL-12p70 remained undetectable in CNS supernatants in 
both groups throughout infection (data not shown). These data 
are consistent with exacerbation of proinflammatory responses 
to uncontrolled replication of MHV-JHM within the CNS. 

Impaired IFN-I signaling enhances bystander CD8 T-cell 
recruitment but does not impair expansion of virus-specific 
CD8 T cells. IFN-I can augment T-cell responses at multiple 
stages of infection (2, 47). Overall, the proportion of CD4 T 
cells in CNS infiltrates increased from days 5 to 7 p.i. in both 
groups of mice, although relative CD4 T-cell percentages 
within CNS infiltrates were consistently lower in infected 
IFNAR ‘~ mice (Fig. 4D). However, the proportions of CNS- 
infiltrating CD8 T cells were similar in infected IFNAR~’~ and 
wt mice throughout infection, indicating that infiltration and 
accumulation of CD8 T cells in the CNS are IFN-I indepen- 
dent (Fig. 4E). CNS infection is associated with recruitment of 
a significant proportion of heterologous bystander CD8 T cells 
early during the response (9), which may negatively affect vi- 
rus-specific CD8 T cells in the absence of IFN-I signaling (1). 
Inefficient virus-specific CD8 T-cell expansion or survival may 
thus contribute to uncontrolled virus replication in IFNAR /~ 
mice. The virus-specific population within total CNS CD8 T 
cells was indeed significantly lower in IFNAR ‘~ mice at day 
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FIG. 5. Enhanced inflammatory responses in IFNAR~/~ mice. 
CBA was used to measure the concentrations of inflammatory cyto- 
kines in brain supernatants of wt and IFNAR~/~ mice. Bars indicate 
the mean concentrations of cytokines + standard errors of the means. 
Data are derived from two independent experiments (n = 6 per time 
point). Asterisks indicate statistical significance (P =< 0.05) in compar- 
ison to wt mice. 


6 p.i., when tetramer* cells began to accumulate in both 
groups of mice (Fig. 6). Furthermore, the proportion was still 
reduced compared to wt mice, despite the substantial increase 
of virus-specific T cells by day 7 p.i. However, taking overall 
greater CNS inflammation in IFNAR~‘~ mice into account, 
total numbers of virus-specific CD8 T cells were similar in the 
two groups, or even greater in the CNS of IFNAR ‘~ mice 
than in that of wt mice. Nevertheless, the reduced proportion 
of virus-specific CD8 T cells in the CNS suggested less-effective 
expansion or recruitment in the absence of IFN-I signaling. 
Emergence of tetramer’ cells was thus analyzed in CLN, the 
primary site for priming of adaptive responses following CNS 
infections (27). Tetramer* cells were detected in the CLN as 
early as day 4 p.i., albeit numbers were very low (Fig. 6). By day 
6 p.i., virus-specific CD8 T cells had expanded in both groups 
of mice; however, the frequency of tetramer* CD8 T cells 
increased fourfold in IFNAR~/~ mice compared to wt mice. 
The virus-specific populations further expanded in both groups 
by day 7 p.i. without altering the relative ratio of tetramer* 
cells between the two groups. Deficiency in IFN-I responsive- 
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FIG. 6. Impaired IFN-I signaling does not affect expansion and CNS recruitment of virus-specific CD8 T cells. Cells derived from the CNS and 
CLN of infected mice were analyzed for the frequency of Db-S510-specific CD8 T cells by flow cytometry at the indicated days p.i. Representative 
density plots depict staining with anti-CD8 MAb and Db-S510 tetramer (Db-Tet) within the CD45" infiltrating cells and within CLN-derived 
cells, respectively. Boxed regions depict tetramer’ CD8 T cells. Percentages represent the proportions of tetramer* cells within the CD8 T-cell 
population. Data shown are representative of three independent experiments. 


ness thus did not impair priming or expansion of virus-specific 
CD8 T cells in the draining CLN. However, their decreased 
accumulation in the CNS suggested that virus-specific T cells 
generated in the CLN did not egress as efficiently in the ab- 
sence of IFN-I, causing the majority of CD8 T cells in the CNS 
of IFNAR~‘~ mice to be bystander CD8 T cells (Fig. 6). 
Tetramer* cells in spleens of wt and IFNAR~‘~ mice were at 
similar levels (4% for wt and 3% for IFNAR ‘~ mice at day 
7 p.i.), indicating that the observed effects on virus-specific 
CD8 T cells were specific to the CNS and draining CLN. 
IFN-y released by T cells constitutes the most critical effec- 
tor mechanism required for control of sublethal MHV-JHM 
infection (4, 5). The in vivo functionality of T cells in the CNS 
was thus tested by measuring IFN-y (Fig. 7). IFNAR ‘~ mice 
exhibited significantly higher levels of IFN-y than did wt mice 
(Fig. 7A). Although elevated concentrations were already ev- 
ident at day 5 p.i. in IFNAR ‘~ mice, they exceeded the levels 
in wt mice by greater than 10-fold at days 6 and 7 p.i. Enhanced 
IFN-y secretion supports the notion that increased viral anti- 
gen leads to increased engagement of virus-specific CD8 T 
cells, which are also present at higher absolute numbers. T cells 
isolated from the CNS of infected mice were thus tested for 
their ability to produce IFN-y. The frequency of IFN-y-secret- 
ing cells was consistently elevated in IFNAR~‘~ relative to wt 
CNS-derived CD8 T cells at day 7 p.i. (Fig. 7B). Furthermore, 
whereas endogenous viral antigen in the culture elicited IFN-y 
secretion in ~7% of wt CD8 T cells, ~50% of IFNAR /~ CD8 
T cells produced IFN-y in the absence of exogenous peptide. 


Exogenous peptide stimulation thus increased the frequency of 
IFN-y-producing cells only modestly in IFNAR~/~ CD8 T 
cells but by fivefold in wt CD8 T cells. The proportion of CNS 
CD4 T cells expressing IFN-y was also notably higher in IINAR /~ 
mice than in wt mice (Fig. 7C). Similarly to CD8 T cells, 
IFNAR ‘~-derived CD4 T cells were already stimulated to 
maximal levels by endogenous viral antigen (Fig. 7C). The high 
levels of stimulation of endogenous antigen are consistent with 
almost 100-fold-higher virus levels (Fig. 1) and vastly increased 
IFN-y protein levels in the CNS of IFNAR /~ mice. 

The scant evidence for viral clearance despite increased 
IFN-y levels in the CNS of IFNAR~/~ mice at 5 days p.i. 
suggested that viral load was already too high for effective 
perforin-mediated clearance. Alternatively, glia may not be 
responding to CD8 T-cell-mediated effector function. IFN-I 
signaling may be crucial to optimize antigen presentation in 
the early phases of CNS infection prior to IFN-y-mediated 
signals. This is evident by early upregulation of class I on 
microglia, even in the absence of IFN-y (5). The failure to 
control infection may therefore result from delayed MHC class 
I expression and antigen presentation by CNS-resident cells. 
Indeed, only a small percentage of microglia (10%) expressed 
class I at day 4 p.i. at barely detectable levels in the CNS of 
infected IFNAR~‘~ mice (Fig. 8A and B). Class I expression 
increased by day 6 p.i., coincident with high levels of IFN-y. By 
contrast, ~40% of wt microglia expressed class I at day 4 p.i., 
and both the percentage and level of expression increased by 
day 6 p.i. Thus, class I expression on microglia was reduced in 
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FIG. 7. IFN-I signaling does not regulate CD8 T-cell effector func- 
tion. (A) IFN-y levels measured by CBA in brain supernatants of infected 
mice. Data represent the mean IFN-y concentrations from two combined 
experiments + standard errors of the means (n = 6). Asterisks indicate 
statistical significance (P = 0.05) in comparison to wt mice. (B and C) 
Cells derived from brains at day 7 p.i. incubated in the absence (—) or 
presence (+) of S510 or M133 peptide for 6 h to stimulate virus-specific 
CD8 T cells (B) or CD4 T cells (C), respectively. EL-4 or CHB3 cells were 
used as CD8 or CD4 T-cell stimulator cells, respectively. Flow cytometry 
plots demonstrate intracellular staining for IFN-y in CD8 T cells and CD4 
T cells (gated on CD45"2" infiltrating cells). The numbers within each 
plot indicate the percentages of IFN-y-positive cells within the T-cell 
population. Data are representative of two independent experiments. 
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infected IFNAR ‘~ mice with respect to frequency and ex- 
pression levels. By contrast, nearly 100% of infiltrating, bone 
marrow-derived macrophages expressed class I at similar levels 
in the two groups (Fig. 8A and B). MHC class II upregulation 
on resident CNS cells is largely restricted to microglia and 
strictly IFN-y dependent (19). It was thus expected that class IT 
expression by microglia would be similar in IFNAR~/~ mice. 
In fact, microglia and macrophages from the CNS of IFNAR~/~ 
mice expressed frequencies and levels of class II expression 
similar to those of wt mice (Fig. 8C and D), confirming 
IFN-y-driven class II expression. 


DISCUSSION 


The critical role of IFN-I in containing viral infections in 
vivo is demonstrated by the increased susceptibility of IFN-I- 
unresponsive mice to infections by a variety of RNA viruses 
(20, 31, 41). Infections in the absence of IFN-I invariably result 
in expanded tissue tropism, uncontrolled dissemination, and 
rapid mortality. Despite the inability of several MHV strains to 
induce IFN-I in fibroblasts and mature DC in vitro, they do 
induce these cytokines in pDC, neuronal cultures, and the CNS 
(8, 17, 39, 57). This study utilized nonlethal glia-tropic variants 
of MHV-JHM, which do not productively infect peripheral 
tissues, to dissect the pleiotropic effects of IFN-I in the context 
of a CNS infection controlled by CD8 T cells in wt mice. 
Infection of IFNAR~/~ mice with both demyelinating and 
nondemyelinating variants resulted in uncontrolled replication 
and mortality. Similarly to uncontrolled replication of neuro- 
tropic MHV-JHM, an MHV-A59 mutant with a deletion in 
nonstructural protein 1 replicates uncontrolledly in peripheral 
tissues of IFNAR~/~ animals but is highly attenuated in wt 
mice (61). 

Although the number of glial cells infected was increased, 
IFN-I deficiency did not reveal preferential viral spread within 
a particular glial subset. Furthermore, tropism was expanded 
to neurons, which are rarely infected in wt mice (14). These 
results suggested that all glial cell types are responsive to IFN-I 
and that neurons are protected from infection by endogenous 
IFN-I-mediated pathways, a finding which has previously been 
implicated in the resistance of neurons from adult mice to 
Sindbis virus infection (6, 7). 

The survival time following CNS MHV-JHM infection was 
prolonged relative to rapid death within 2 to 3 days following 
heterologous infection of IFNAR~‘~ mice with the dual liver- 
and CNS-tropic MHV-AS9 variant (8). This allowed assess- 
ment of the effects of IFN-I deficiency on innate and adaptive 
immune responses. The most striking difference in the CNS 
inflammatory response was the domination of neutrophils in 
the CNS of IFNAR~/~ mice, relative to predominant macro- 
phages in wt mice. Macrophage recruitment appeared to be 
independent of IFN-I signaling, as indicated by similar overall 
numbers in the CNS of the two groups. Whether the skewing 
towards neutrophils reflects altered mononuclear cell popula- 
tions in naive IFNAR /~ mice (31), preferential accumulation 
of neutrophils due to increased virus replication and tissue 
destruction, or the absence of IFN-I-mediated regulation of 
the inflammatory response remains to be elucidated. Promi- 
nent neutrophil recruitment is associated with pathology and 
disease severity in the CNS autoimmune model experimental 
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FIG. 8. MHC class I but not class I] expression by microglia is reduced in the absence of IFN-I signaling. Cells isolated from the CNS were 
analyzed for MHC class I (H-2D°) and class II (I-A°) expression at the indicated times p.i. (A and C) Histograms revealing kinetics of class I (A) or 
class II (C) expression are gated on CD45'” microglia (left panels) and CD45", F4/80* bone marrow-derived infiltrating macrophages (right 
panels, M@). MHC class I or class II expression by wt cells is indicated by gray lines, and that by IFNAR~‘~ cells is indicated by black lines. Isotype 
control MAb staining is indicated by filled histograms. Numbers in the right corner of each plot in panel A indicate the mean fluorescence intensity 
of H-2D? staining. Plots are representative of three independent experiments. (B and D) The proportion of microglia expressing class I (B) or class 
II (D) at the indicated days p.i. Data represent the means of three experiments + standard errors of the means. 


allergic encephalomyelitis (30, 33, 50, 54); however, depletion 
of neutrophils in IFNAR~‘~ mice did not affect virus replica- 
tion or mortality rates. Increased neutrophil recruitment is also 
associated with a more virulent, lethal neurotropic strain of 
MHV-JHM in wt mice (59), suggesting that increased replica- 
tion contributed partially to fatal disease outcome. 

CD8 T cells play a crucial role in controlling acute MHV- 
JHM infection in the CNS via both perforin and IFN-y (4, 5). 
IFN-I modulates CD8 T-cell immune responses through the 
induction of other cytokines, such as IL-15, or direct lympho- 
cyte signaling (10). Nevertheless, different infections have 
shown distinct CD8 T-cell dependencies on IFN-I. LCMV 
infection is associated with a severe loss of virus-specific T cells 
in IFNAR‘~ mice due to their dependence on IFN-I for 
survival (48). By contrast, infection of IFNAR~‘~ mice with 
vaccinia virus, vesicular stomatitis virus, or Listeria monocyto- 
genes results only in a modest three- to fivefold decrease in 
T-cell expansion (48). Following Sendai virus infection, virus- 
specific CD8 T-cell survival and function are independent of 
IFN-I (25). Similar to the Sendai virus model, there was no 
evidence for impaired CD8 T-cell expansion in CLN or recruit- 
ment into the CNS during MHV-JHM infection. Preferential 


virus-specific CD8 T-cell accumulation only in CLN but not in 
spleen of infected IFNAR /~ mice ruled out enhanced virus- 
specific CD8 T-cell expansion due to dissemination to other 
lymphoid tissues. Upregulation of CD69 expression, which is 
prominently, but not exclusively, mediated by IFN-a/B, has 
been shown to limit egress of lymphocytes from lymphoid 
organs by downregulating S1P,, a receptor required for lym- 
phocyte egress (43). However, CD69 expression was not sig- 
nificantly altered in CLN-derived CD8 T cells from infected 
IFNAR ‘ mice compared to wt mice (data not shown). En- 
hanced accumulation of virus-specific CD8 T cells may thus 
reflect increased viral antigen in CLN. No evident defects in 
CLN egress were supported by similar absolute numbers of 
virus-specific CD8 T cells in the CNS. Similarly to other infec- 
tions, MHV-JHM results in early antigen-independent recruit- 
ment of bystander memory CD8 T cells (9). The enhanced 
frequencies of heterologous CD8 T cells in the CNS of 
IFNAR~‘~ mice were thus consistent with stronger overall 
inflammatory signals. 

Significantly increased levels of TNF-a, IL-6, IFN-y, and 
CCL2 correlated with uncontrolled viral replication. Thus, al- 
though IFN-I is known to enhance TNF-a and IL-6 expression, 
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induction of these cytokines was IFN-I independent. As NK 
cells do not contribute to viral clearance or IFN-y-mediated 
MHC upregulation in the CNS (60), the high IFN-y levels in 
the CNS of infected IFNAR‘~ mice likely result from more- 
frequent T-cell engagement by the vastly increased numbers of 
infected cells. Indeed, this notion was supported by the in- 
creased frequencies of both CD4 and CD8 T cells expressing 
IFN-y ex vivo in the absence of exogenous peptide stimulation. 
Nevertheless, the inability to control virus replication, despite 
increased IFN-y levels even early during infection, suggests 
that T cells are unable to compensate for the overwhelming 
viral antigen load. 

Reduced class I upregulation on microglia demonstrated 
that IFN-I plays a major role in enhancing antigen presenta- 
tion early during infection and confirmed IFN-y-independent 
class I expression on microglia (5). Nevertheless, persistently 
reduced levels of class I expression on resident glia in the CNS 
of infected IFNAR ‘~ mice, despite increased IFN-y levels, 
were surprising. Reduced class I levels on microglia were not 
intrinsic to IFN-I signaling deficiency, as class I and class II 
molecule expression levels were similar on infiltrating macro- 
phages. Furthermore, effective IFN-y responsiveness was dem- 
onstrated by similar class II upregulation on microglia, known 
to be driven by IFN-y-mediated CIITA activation (34). Thus, 
limited class I expression suggests cooperation between IFN-I 
and IFN-y in driving optimal class I expression on this glial cell 
type. Cooperative regulation may also explain reduced tran- 
scription of OAS2, PKR, IFIT-1, and IFIT-2, despite high 
IFN-y levels. Synergy is supported by common signaling path- 
ways for IFN-I and IFN-y (28) and has been demonstrated by 
enhanced antiviral effects of dual IFN-a and IFN-y treatment 
during CoV infection (15). 

The present results highlight the crucial role of IFN-I in 
directly limiting viral spread in CNS-resident glial cells. Fur- 
thermore, expanded tropism to neurons supports a protective 
role of constitutive IFN-I produced by neurons in limiting 
neuronal infection in wt mice. Importantly, the absence of 
impairment in virus-specific CD8 T-cell responses emphasized 
that regulation of CD8 T cells by IFN-I is clearly dependent on 
both the local milieu and the pathogen. Nevertheless, the in- 
ability of functional CD8 T cells to control virus suggests that 
an initial set point of infected cells, relative to infiltrating 
virus-specific T cells, determines the outcome of a protective 
T-cell response. During MHV-JHM CNS infection this thresh- 
old is clearly controlled by direct antiviral IFN-I function. 
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